Aim: To evaluate the effects of aldosterone with or without high sodium intake on blood pressure, myocardial structure and left ventricular function in rats, and to investigate the mechanisms underlying the effects. Methods: Eight-week-old male Sprague-Dawley rats were randomly divided into 3 groups: (1) control (CON) group fed a normal sodium diet, (2) aldosterone (ALD) group receiving aldosterone infusion and a normal sodium diet, and (3) high sodium plus aldosterone (HS-ALD) group receiving 1% NaCl diet in conjunction with aldosterone infusion. Aldosterone was administered through continuously subcutaneous infusion with osmotic minipump at the rate of 0.75 μg/h for 8 weeks. The myocardium structure was observed using transthoracic echocardiography and transmission electron microscopy. The collagen deposition in left ventricle was evaluated with Masson's trichrome staining. The expression of IL-18, p22phox, and p47phox proteins was examined using Western blot analysis. Results: The systolic blood pressure in the ALD and HS-ALD groups was significantly higher than that in the CON group after 2-week treatment. But the blood pressure showed no significant difference between the HS-ALD and ALD groups. The left ventricular hypertrophy, myocardial collagen deposition and oxidative stress were predominantly found in the HS-ALD and ALD group. Furthermore, the breakdown of myocardial structure and oxidative stress were more apparent in the HS-ALD group as compared with those in the ALD group. Conclusion: Long-term infusion of aldosterone results in hypertension and profibrotic cardiovascular responses in rats fed a normal sodium diet, which were mediated by oxidative stress. High-sodium intake could aggravate myocardial injuries induced by aldosterone.
Introduction
A series of recent studies have revealed that patients with primary aldosteronism have higher incidence of cardiovascular complications compared with demographically and hemodynamically similar essential hypertension patients [1] . Furthermore, two clinical trials, the randomized aldactone evaluation study (RALES) [2] and the eplerenone post-acute myocardial infarction heart failure efficacy and survival study (EPHESUS) [3] , have shown that mineralocorticoid receptor (MR) antagonists reduce mortality in patients with heart failure.
Experimental studies have shown that the combined administration of aldosterone and high sodium in uninephrectomized rats induces cardiovascular injuries [4, 5] . However, it has remained unclear whether the cardiac injury was due to the direct action of aldosterone, the sodium loading or uninephrectomy. The contribution of dietary sodium intake is illustrated by the finding that the nitric oxide synthase inhibitor N ω -nitro-L-arginine methyl ester (L-NAME)/angiotensin II treated animals fed a low-salt diet do not develop vascular damage, even though plasma aldosterone levels were 10-fold higher than those of animals on a high-salt diet, suggesting that blood levels of aldosterone alone are insufficient to cause vascular injury on a low-salt diet [6] . In modern society, humans could easily increase sodium intake via food diversity [7] . Little information is available concerning the effect of excess aldosterone on cardiac injury of rats on a normal sodium diet. To clarify these issues, we performed experiments to evaluate the effects of chronic subcutaneous aldosterone infusion with or without the addition of 1% sodium chloride on blood pressure, myo-
Materials and methods

Animals model
This study was approved by the Ethics Committee of Sun Yatsen University (Guangzhou, China). All procedures were performed in accordance with "Institutional Guidelines for Animal Research of Sun Yat-sen University" and "Guide for the Care and Use of Laboratory Animals of National Institutes of Health". Eight week-old male SD rats with an initial body weight of 260-280 g were purchased (Laboratory Animal Center of Sun Yat-sen University, Guangzhou, China) and used in this study. The rats were randomly divided into three groups (n=8 in each group) and assigned to one of the following protocols for 8 weeks: vehicle (CON group), excess aldosterone and a normal sodium diet (ALD group), or 1% (w/v) NaCl in conjunction with excess aldosterone (HS-ALD group). All of the rats were anesthetized, and implanted subcutaneously with an osmotic minipump (Alzet model 2004, DURECT Corp, Cupertino, CA, USA). The CON group received a continuously subcutaneous infusion of 5% (v/v) ethanol (vehicle, Sigma-Aldrich, St Louis, MO, USA). The ALD group and the HS-ALD group received continuously subcutaneous infusion of aldosterone (0.75 µg/h, Sigma-Aldrich, St Louis, MO, USA) dissolved in 5% ethanol. The mini-osmotic pumps were replaced every 4 weeks under anesthesia. In addition to standard rat chow [Na, 0.3% (w/v)], all of the animals had free access to tap water (the CON group and the ALD group) or 1% NaCl solution (the HS-ALD group). The animals were maintained in an environment with a constant temperature and 12 h light-dark cycles. Systolic blood pressure (SBP) was measured in conscious rats by the tail-cuff method (BP-98A; Softron Co, Tokyo, Japan) before treatment and at 1-week interval thereafter.
Echocardiographic assessment
Transthoracic echocardiographic studies were performed at week 8 using an echocardiographic system equipped with 13-MHz echocardiographic probe (Technos MPX, Biosound Esaote, Indianapolis, IN, USA). A single investigator unaware of the make-up of the experimental groups performed the task. The rats were anesthetized, and were held in the dorsal decubitus. M-mode tracings were recorded through the LV anterior and posterior walls (AW and PW, respectively) at the papillary muscle level to measure the AW thickness at end diastole, PW thickness at end diastole, LV end-diastolic dimension (LVEDD), fractional shortening (FS), and LV ejection fraction (EF). Pulse-wave Doppler spectra of mitral inflow were recorded from the apical 4-chamber view, with the sample volume placed near the tips of the mitral leaflets and adjusted to the position at which the velocity was maximal and the flow pattern laminar. Mitral inflow measurements of early and late filling velocities (E max and A max , respectively) were obtained. The ratio of E max to A max (E/A) was also recorded.
Tissue and blood collection and analysis
The rats were transferred to metabolic cages prior to the completion of the experiment. Body weight, food intake and urine volume of 24 h were recorded. The sodium and potassium in the urine and plasma were measured. The rats were then sacrificed at week 8. Blood samples from puncturing heart were collected into heparin tubes for the measurement of plasma sodium and potassium, into EDTA tubes for the measurement of plasma renin activity (PRA, RIA kit, DiaSorin, Saluggia, Italy) and into xeransis tubes for the measurement of serum aldosterone (RIA kit, Diagnostic System Laboratories, Webster, TX, USA) and 8-isoprostane (ELISA kit, Assay Designs 900-010, Assay Designs Inc, Ann Arbor, MI, USA). The hearts were divided into right ventricle (RV) and LV plus septum. Hearts was rapidly excised and weighed. The LV mass index (LVMI) was determined as the ratio of the LV mass to the body weight. Part of the left ventricle was fixed in glutaraldehyde and freshly prepared 4% (w/v) paraformaldehyde in phosphate buffer solution for morphometric studies. The remaining left ventricle was frozen in liquid nitrogen for later protein extraction.
Transmission electron microscopy examination for myocardial ultrastructure Heart tissue was thinly sliced and placed in primary electron microscopy fixative. After secondary fixation, the specimens were placed on a rocker overnight, embedded, and polymerized at 60 °C for 24 h. The 85-nm thin sections were stained with 5% uranyl acetate and Sato's Triple lead stain, and then viewed by a transmission electron microscopy (TEM) (CM10, Philips, Amsterdam, Holland).
Masson's trichrome-stained method for interstitial and perivascular collagen The middle of the LV was excised, fixed in 4% (w/v) paraformaldehyde, and embedded in paraffin. Sections, 5 µm thickness, were made and stained with Masson's trichrome-stained method. Collagen fibers were shown in blue, and muscles were shown in red. Ten fields in each LV section were recorded randomly by photograhy (T-B2.5XA, Nikon, Tokyo, Japan). The collagen volume fraction (CVF) was determined by measuring the area of stained blue tissue within a given field. The area stained blue was calculated as a percentage of the total area within a field. CVF examination excluded scars, artifacts, perivascular collagen areas and incomplete tissue. For each LV section, five cut cross-sectional intramyocardial coronary arteries were examined individually. The area of collagen immediately surrounding the blood vessels was calculated, and the perivascular collagen was determined as the ratio of the area of collagen surrounding the vessel wall to the total area of the vessel (perivascular collagen area/vessel luminal area, PVCA/VA). It was determined by quantitative morphometry with Image-pro plus 5.0 (Media Cybernetics, Bethesda, MD, USA). The operator was blinded to the experimental group during the analysis. Western blot analysis for IL-18, p22phox, and p47phox protein expression NADPH oxidase is a critical source of ROS production within the vascular wall and heart [8] . p22phox and p47phox subunits seem to be key molecules of NADPH oxidase [9] . In addition, IL-18 is a pleiotropic cytokine and several lines of evidence support a causal role for it in the pathogenesis of cardiovascular disease. Therefore, to demonstrate the relationship among IL-18, oxidative stress and aldosterone treatment, we analyzed the expression of IL-18, p22phox, and p47phox subunits in the LV. About 100 mg LV was homogenized in 50 mmol/l Tris buffer (pH 7.4), 150 mol/L NaCl, 1% (v/v) Triton X-100, 1% sodium(w/v) deoxycholate, 0.1% (w/v) SDS and some inhibitors with a homogenizer on the ice and then centrifuged at 12 000 r/min for 15 min at 4°C. The resulting supernatants were collected and either frozen at -80 °C or used immediately. Protein concentrations were determined using the BCA method. Equal amounts of protein (20 µg per sample) were analyzed by 12% sodium dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and electrotransferred onto polyvinylidene difluoride (PVDF) membranes for 1 h at 200 mA (Bio-Rad, Hercules, CA). The membranes were blocked in 5% nonfat milk (Santa Cruz Biotechnology, Santa Cruz, CA) for 2 h at room temperature and then incubated in primary antibody against IL-18 (R&D Systems, Minneapolis, MN, working dilution 2 µg/mL) p22phox (Santa Cruz Biotechnology, Santa Cruz, CA, working dilution 1:500) or p47phox (Millipore Biotechnology, Billerica, MA, working dilution 1:1000) overnight at 4 °C. The binding of the primary antibodies was revealed by horseradish peroxidase-conjugated secondary antibodies (Santa Cruz Biotechnology, Santa Cruz, CA). The proteins of the membranes were detected using an enhanced chemiluminescence immunoblotting detection system (Thermo Fisher Scientific, Rockford, IL). The results were quantified by densitometric analysis using Image-Quant software. Values were corrected by the absorbance of the internal control (GAPDH).
Statistical analysis
Data were expressed as mean±standard deviation. Statistical analysis was performed with software (SPSS version 13.0; SPSS, Chicago, IL) between two groups using two-tailed Student's t-test for unpaired values, and P<0.05 was considered statistically significant.
Results
Physiological characteristics and time-course of SBP in SD rats
The body weight and food intake did not differ between the CON, ALD, and HS-ALD groups. The serum aldosterone level was higher and the PRA was lower in the ALD group compared with those in the CON group (aldosterone level 1664.9±389.9 vs 623.1±80.1 pg/mL, P<0.01; PRA 4.17±0.25 vs 7.22±0.07 ng·mL -1 ·h -1 , P<0.01). Urine output and urinary potassium excretion were increased, plasma sodium concentrations were higher and the plasma potassium levels were lower in the ALD group compared with those in the CON group. Serum aldosterone levels were not significantly different between the HS-ALD group and the ALD group. However, the HS-ALD group exhibited a lower PRA(1.04±0.89 ng·mL -1 ·h -1 in the HS-ALD group vs 4.17±0.25 ng·mL -1 ·h -1 in the ALD group, P<0.01), greater urine output, increased urinary sodium and potassium excretion, and a lower plasma potassium level (P<0.05) ( Table 1) .
The time-course of SBP in the rats of the three groups was shown in Figure 1 . At the first week of treatment, aldosterone infusion had not significantly increased the animals' blood pressure. However, following 2-week aldosterone treatment alone, the SBP of the ALD group was slightly but significantly higher than that of the CON group (140±5 vs 125±4 mmHg, P<0.01). Following 8-week aldosterone treatment, the SBP of the ALD group was moderately and significantly higher than that of the CON group (162±4 vs 127±3 mmHg, P<0.01). The SBP was not significantly different between the ALD group and the HS-ALD group.
LV weight, echocardiographic analysis and ultrastructure Cardiac structure and function were examined to determine the effects of aldosterone infusion with or without the addition To further evaluate the changes in cardiac morphology, the cardiac ultrastructure was observed using TEM. TEM images of the rat heart following aldosterone infusion with or without the addition of 1% sodium chloride revealed striking changes in the mitochondria and myofilaments. The myofilaments were sparser, and there was a marked increase in swollen and denatured mitochondria in the ALD group. Moreover, the myocardial ultrastructure was not visible in some spaces and mitochondria were seriously damaged in the HS-ALD group ( Figure 2B ).
LV collagen deposition
Cardiac fibrosis in rats following aldosterone infusion with or without the addition of 1% sodium chloride was shown in Figure 3 . The CVF and PVCA/VA were higher in the ALD group (3.61%±0.63% and 0.57±0.062, respectively) than those in the CON group (1.44%±0.41% and 0.28±0.01, respectively; P<0.01). CVF was 4.55%±0.52% and PVCA/VA was 0.71±0.04 in the HS-ALD group. The CVF was not significantly different between the ALD group and the HS-ALD group. However, PVCA/VA was higher in the HS-ALD group compared with that in the ALD group (P<0.01). We found that aldosterone infusion alone induced a significant increase in cardiac fibrosis, in terms of collagen deposition, in the myocardial interstitium ( Figure 3A and 3C ) and the perivascular space of the intramyocardial coronary arteries (Figure 3B and 3D) . Furthermore, high sodium in conjunction with aldosterone induced more obvious myocardial fibrosis, especially in the perivascular space of the intramyocardial coronary arteries (Figure 3 ).
LV inflammatory infiltration and oxidative stress
As shown in Figure 4A , LV inflammatory infiltration was not detected in the CON group. Focal inflammatory infiltration in LV characterized by ED-1-positive cells (macrophages) was observed in the ALD group. More obvious inflammatory infiltration was detected in the HS-ALD group.
The expression of NADPH oxidase was determined by Western blot detection of the subunits p22phox and p47phox. In addition, we analyzed the expression of the IL-18 protein in three groups. Our results showed that the expressions of Figure 3 . Effects of aldosterone infusion with or without additional 1% sodium chloride intake on cardiac fibrosis. Representative photo micro graphs show collagen changes in midmyocardium (A, C) and perivascular space of intramyocardial coronary arteries (B, D) after aldosterone infusion with or without additional 1% sodium chloride intake by masson's trichrome-stained method. Original magnifications: ×200. Collagen fibers were shown in blue and muscles were shown in red. Collagen volume fraction was determined by measuring the area of collagen within a given field. PVCA/ VA, perivascular collagen area/vessel luminal area. CON, control rats; ALD, aldosterone alone-infused rats; HS-ALD, 1% NaCl in conjunction with aldosterone in rats. Mean±SD. n=8. Figure 4B ). We found that serum 8-isoprostane levels, a marker for global oxidative stress, were significantly higher in the ALD group than those in the CON group (654.22±92.47 vs 326.96±79.65 pg/mL, P<0.05). There was also an increasing trend in serum 8-isoprostane levels in the HS-ALD group compared with those in the ALD group. However, serum 8-isoprostane levels were not significantly different between the HS-ALD group and the ALD group (797.50±111.33 pg/mL in the HS-ALD group, P>0.05) ( Figure 4C ).
Discussion
Aldosterone on a normal sodium diet could have a pivotal effect on cardiac injury. Some investigators have shown that aldosterone excess in the presence of salt loading and uninephrectomy is associated with cardiovascular remodeling [4, 5] . It has also been reported that other cofactors, such as low nitric oxide bioavailability, hypertension, or congestive heart failure must be present together with a high-sodium intake for damage to occur [6] . Due to the influence of high-sodium intake or other factors on myocardial injury, the actual effects of aldosterone on cardiac injury have remained poorly understood.
Our study showed that chronic subcutaneous aldosterone infusion of 8 weeks' duration in the absence of sodium loading induced hypertension and LV hypertrophy, which was accompanied by an inflammatory response and collagen deposition in the myocardium.
Regarding the echocardiography observations, the present study showed that E/A was significantly lower in animals infused with aldosterone for 8 weeks compared with that in the CON group, indicating the impairment of diastolic function in the ALD group. Yoshida et al demonstrated that rats infused with aldosterone on a normal sodium diet for only 2 weeks showed cardiac hypertrophy. However, FS and EF were not significantly altered [10] . Unfortunately, they did not evaluate whether the LV diastolic function was altered. With prolonged infusion of aldosterone to 8 weeks, we observed that LVEDD, FS, and EF were not different compared with the control. Together, these studies indicated that more prolonged aldosterone exposure alone might lead to LV diastolic dysfunction and not influence LV systolic function. The possibility was also raised that diastolic dysfunction might occur earlier than systolic dysfunction in that condition.
Additional features of the myocardium following aldosterone alone treatment included cardiac interstitial fibrosis and perivascular fibrosis of the intramyocardial coronary arteries in ALD rats. LV hypertrophy was also observed following aldosterone infusion, as shown by increased LVMI and greater (C) Effects of aldosterone infusion with or without addi tional 1% sodium chloride intake on the serum 8-isoprostane levels. CON, control rats; ALD, aldosterone alone-infused rats; HS-ALD, 1% NaCl in conjunction with aldosterone in rats. Mean±SD [11] . The resultant heterogeneity in myocardial structure, created by a disproportionate accumulation of collagen, may serve to explain the important clinical observations that patients with high-renin essential hypertension have a greater incidence of adverse cardiovascular events and impaired ventricular function, respectively [12, 13] . High-sodium intake could aggravate myocardial injuries induced by aldosterone, which was partly independent of blood pressure. The 8% sodium chloride alone or 8% sodium chloride administration in conjunction with exogenous aldosterone is usually used in experimental studies to detect the effects of high-sodium intake on the cardiac structure. In such situations, sodium intake levels are twenty times higher than that on a 0.3% normal sodium diet in rats. In our study urinary sodium of 24 h in the HS-ALD group was about six times higher than that in the CON group and the ALD group. We showed that SBP was not significantly different between the ALD group and the HS-ALD group. However, LV hypertrophy was more predominant in the HS-ALD group compared with that in the ALD group and was accompanied by significantly increased collagen deposition in the perivascular space of the coronary arteries and the breakdown of myocardial ultrastructure. This result suggested that moderate elevation of sodium chloride intake could aggravate myocardial injuries induced by aldosterone, which was partly independent of blood pressure. Regarding the synergistic action between aldosterone and sodium, fibroblast collagen synthesis may be involved in the regulation by aldosterone of Na + /K + -ATPase, and the expression of Na + /K + -ATPase is increased only in the presence of salt [14] . Moreover, a previous clinical study indicated that the association of serum aldosterone with both an increase in blood pressure and the later development of hypertension was seen only in the persons whose urine sodium index was at or above the median, but not in those whose urine sodium excretion was below the median [15] . Such an interaction between aldosterone and sodium is also supported by the observations made in Yanomamo Indians who consume a very low-salt diet. They exhibit markedly elevated serum aldosterone levels but little or no blood-pressure elevation [16] . In modern society, humans could easily increase sodium intake via food diversity. Therefore, lowering sodium intake can compensate for the risk of cardiac and vascular injury by aldosterone, especially in essential hypertension, primary and secondary aldosteronism.
The myocardial injury may be attributable to significantly up-regulated oxidative stress induced by aldosterone and high sodium intake. It is now established that the specificity of MR occupancy by aldosteone in epithelial tissues is determined by 11β-hydroxysteroid dehydrogenase type 2 (11β-HSD2) [17, 18] , but the amount of 11β-HSD2 in non-epithelial tissues, such as heart, is at a negligible level [19] . MR in non-epithelial tissues should be exclusively occupied by glucocorticoids with very limited accessible aldosterone. The glucocorticoid-MR complex is inactive under the steady-state condition. Funder et al recently proposed a novel and intriguing hypothesis for MR activation in non-epithelial tissues, suggesting that the inactive glucocorticoid-MR may be activated by the generation of ROS [20] . With the possible positive feedback system triggered by inflammation and increased oxidative stress, further activation of the glucocorticoid-MR complex could occur, thus accounting for the vicious cycle of the aldosterone-induced cardiovascular injury. This postulated mechanism could well explain our study results, with high-sodium intake potentially aggravating myocardial injuries induced by aldosterone through up-regulated oxidative stress. The hypothesis has been supported by previous studies, which showed that the development of hypertension and the regression of cardiovascular remodeling were attenuated in mineralocorticoid treated animals after the treatment of antioxidant drugs, such as the superoxide dismutase mimetic Tempol [21, 22] , the NADPH oxidase inhibitor apocynin [23, 24] or N-acetylcysteine [5] . Increased oxidative stress might also trigger and deteriorate inflammation. In the present study, noticeable inflammatory injury and significantly up-regulated IL-18 protein expression were observed in the ALD group compared with that in controls. Furthermore, the inflammatory injury was more serious and the IL-18 protein expression was up-regulated in the HS-ALD group compared with that in the ALD group. Previous experimental studies have indicated that aldosterone infusion alone for a shorter time may exclusively result in the infiltration of inflammation cells via oxidative stress [10] . Both of inflammation and increased oxidative stress may lead to the further activation of the glucocorticoid-MR complex, thus worsening myocardial inflammatory injuries induced by aldosterone [21] . It may be possible that aldosterone-induced oxidative stress stimulated a series of pro-inflammatory genes expression, such as IL-18, via a redox-sensitive mechanism, thereby leading to initiation of the cardiovascular inflammatory phenotype. Moreover, inflammation and, in particular, generation of free radicals may contribute to the activation of the fibrotic process and hypertrophy [25] . Cardiac fibrosis could be the reparative response to the inflammatory injury, although direct effects of aldosterone on fibrosis are possible [26, 27] . Furthermore, previous studies have indicated that adult cardiomyocytes express IL-18 and its receptors, and that proinflammatory cytokines and oxidative stress regulate their expression via activation of NF-kB [28] [29] [30] [31] . In the present study, we found that IL-18, which was a predictor of cardiovascular events, might be involved in the cardiovascular injuries induced by aldosterone.
In summary, the present work provided evidence that longterm infusion of aldosterone on a normal sodium diet could result in hypertension, persistent inflammatory infiltration, cardiac fibrosis, LV hypertrophy and LV diastolic dysfunction. Moderate high-sodium intake could aggravate myocardial www.nature.com/aps Li JY et al Acta Pharmacologica Sinica npg injuries induced by aldosterone. These synergistic effects of sodium and aldosterone were mediated by oxidative stress via NADPH oxidase and IL-18. Our data could also underscore the potential benefits of lower sodium action in cardiac protection related to aldosterone. Further studies are needed to elucidate the detailed nature of the relationship between inflammation, oxidative stress, and activation of glucocorticoid/aldosterone-MR in the development of cardiovascular diseases.
